Periodontitis caused by bacterial infection gradually progresses accompanied by periodontal tissue destruction. As a result, teeth lose their supporting structures, and this leads to tooth exfoliation. CXC-chemokine receptor 4 (CXCR4) is known to be expressed in lymphocytes, fibroblasts and osteoclasts in periodontal tissues, suggesting that periodontal CXCR4 signaling contributes to alveolar bone resorption in the milieu of periodontitis. However, the role of CXCR4 signaling in the pathogenesis of periodontitis has remained unknown. We established a mouse model of periodontitis by inoculation of Porphyromonas gingivalis (P.g.) into a silk ligature placed around the maxillary molar. Although there was no significant difference in the mechanical sensitivity in the periodontal tissue between P.g. treatment and sham treatment during the experimental period, mechanical allodynia in the periodontal tissue was induced after gingival injection of complete Freund's adjuvant compared with that resulting from sham and P.g. treatment alone. More-over, CXCR4 neutralization in the periodontal tissue following P.g. treatment enhanced periodontal inflammatory cell infiltration and depressed alveolar bone resorption. These findings suggest that periodontal CXCR4 signaling in several cell types in P.g.-induced periodontal inflammation depresses alveolar bone resorption in periodontitis. CXCR4 signaling might be a target for therapeutic intervention to prevent alveolar bone resorption in periodontitis.
Introduction
Periodontal diseases such as gingivitis and periodontitis are progressive multifactorial diseases caused by bacterial infection (1) . A high proportion of dentate adults suffer from chronic periodontitis. For instance, in the United States, 80% of people over 65 years of age and 35% of those aged over 30 years are affected (2) (3) (4) . Ordinarily, periodontal disease gradually progresses accompanied by periodontal tissue destruction (5, 6) . This leads to loss of alveolar bone and supporting structures, and tooth exfoliation may occur (7) . The key factor in the pathogenesis of periodontitis is thought to be dental plaque, a biofilm containing microorganisms or microflora, which interacts with the host and plays a significant role in the initiation Journal of Oral Science, Vol. 59, No. 4, 571-577, 2017 Original CXCR4 signaling contributes to alveolar bone resorption in Porphyromonas gingivalis-induced periodontitis in mice Hidekazu Nagashima 1) , Masamichi Shinoda 2) , Kuniya Honda 2) , Noriaki Kamio 3) , Akira Hasuike 4) , Naoyuki Sugano 4) , Yoshinori Arai 5) , Shuichi Sato 4) , and Koichi Iwata 2) and maintenance of periodontitis (8, 9) . However, details of the mechanisms of periodontitis pathogenesis have yet to be clearly established (2, 9) . It is well known that Porphyromonas gingivalis (P.g.), a Gram-negative oral anaerobic bacterium, is the principal pathogen causing periodontitis in humans (10) . The fimbriae of P.g. (P.g.-fimbriae), which serve as a major colonizing factor, bind to CXC-chemokine receptor 4 (CXCR4), and this signaling inhibits immunological reactions in periodontal tissue (11, 12) . CXCR4 is expressed in monocytes, and P.g.-fimbriae/CXCR4 signaling activates protein kinase A (PKA) in the presence of cyclic adenosine monophosphate. P.g.-fimbriae binding to monocyte inhibits the production of nitric oxide (11) . CXCR4 is also expressed in lymphocytes, fibroblasts and osteoclasts in periodontal tissues (13) (14) (15) (16) , and therefore periodontal P.g.-fimbriae/CXCR4 signaling would be expected to contribute to the pathophysiology of alveolar bone resorption in periodontitis patients. However, details of the role of periodontal CXCR4 signaling in alveolar bone resorption in the context of periodontal inflammation caused by P.g. colonization are not fully clear.
In the present study, to examine whether CXCR4 signaling is involved in alveolar bone resorption in periodontal inflammation caused by P.g. infection of periodontal tissue, we assessed changes in alveolar bone resorption using histological and micro-computed tomography (mCT) analysis after periodontal administration of a CXCR4 neutralizing antibody in a mouse model of periodontitis induced by P.g. inoculation.
Materials and Methods

Animals
This study was performed using 39 C57BL/6 mice (male, 7 weeks old, 20-30 g; Japan SLC, Shizuoka, Japan). All mice were housed in individual cages under a standard light-dark cycle (lights on 7:00 to 19:00) in a temperature-controlled room (23°C). The study was approved by the Animal Experimentation Committee of Nihon University (AP15D010-1) and conducted according to the guidelines of the International Association for the Study of Pain (17) . All efforts were made to minimize animal suffering and the number of animals.
Periodontitis model
Under deep anesthesia induced by intraperitoneal injection of sodium pentobarbital (50 mg/kg), mice were placed on a warm mat (37°C) and a ligature was placed around the maxillary right second molar using a 5-0 silk thread, while the mouth was kept open to avoid gingival tissue injury (18) . On days 0, 1, and 2 after ligation, P.g. strain FDC381 (200 μL, 2 × 10 9 colony-forming units in 2% carboxymethyl cellulose) was inoculated into the ligature under light anesthesia with 1.5% isoflurane (Mylan, Canonsburg, PA, USA) (P.g. group) ( Fig.  1 ). As a sham control, mice were subjected to a sham procedure in which the mouth was kept open and 2% carboxymethyl cellulose alone was inoculated under light anesthesia (sham group). As a positive control, complete Freund's adjuvant (CFA) was injected into the gingival tissue around the maxillary right second molar under deep anesthesia (CFA group). To assess the effect of P.g. inoculation on the physical status of the mice, body weight was measured periodically during the experimental period.
Periodontal mechanical sensitivity
Mice were subjected to graded mechanical stimulation of the gingival tissue adjacent to the cervical region of the maxillary right second molar using an electronic von Frey aesthesiometer (0 to 100 g [cutoff, 100 g], 10 g/s; Bioseb, Chaville, France) under light anesthesia with 2% isoflurane (Mylan). On day 8 after the sham, CFA or P.g. treatment, the lowest mechanical intensity required to evoke a nocifensive reflex (head withdrawal) upon mechanical stimulation was defined as the mechanical head-withdrawal reflex threshold (MHWT). The graded mechanical stimuli were applied at 1-min intervals; the MHWT was determined as the average mechanical intensity that evoked head withdrawal in response to three stimulus applications. All measurements of mechanical sensitivity in the gingival tissue were conducted under blinded conditions.
Histology
On day 14, mice were anesthetized with sodium pentobarbital (50 mg/kg, intraperitoneally) and perfused transcardially with saline followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate-buffered saline (pH 7.4). The right maxillary tissue containing the maxillary bone, maxillary second molar, and periodontal tissues were dissected out and immersed in 4% PFA for 4 h at 4°C. The maxillary tissue was then decalcified using 50% K-CX (Falma, Tokyo, Japan) for 1 day and neutralized in 5% sodium sulfate overnight. The post-fixed and decalcified maxillary tissue was soaked in 0.01 M phosphate-buffered saline (PBS) containing 20% sucrose for 12 h for cryoprotection, and then embedded in TissueTek (Sakura Finetek, Tokyo, Japan) at −20°C. The maxillary tissue was sectioned in the buccolingual plane on a cryostat at a thickness of 16 μm. The sections were fixed to MAS-coated Superfrost Plus microscope slides (Matsunami, Osaka, Japan) and dried overnight at room temperature. They were then stained with hematoxylin and eosin and examined using a microscope.
mCT analysis
To assess changes in maxillary alveolar bone mass around the maxillary right second molar, mCT analysis was performed from day 0 to 14 using a R-mCT2 system (Rigaku, Tokyo, Japan). Under light anesthesia with 1.5% isoflurane (Mylan), mice were placed on the instrument stage and mCT images of the alveolar bone around the maxillary right second molar were obtained under conditions in which the exposure parameters were 90 kV and 100 μA. The mCT images were reconstructed using i-View software (I-View Image Center, Tokyo, Japan). Bone volume (BV) within the maxillary alveolar bone regions of interest (1.2 × 1.2 × 0.6 mm) was measured from the reconstructed mCT images using BV measuring software (Kitasenjyu Radist Dental Clinic I-View Image Center, Tokyo, Japan). The central point of the maxillary alveolar bone region of interest was defined as the lowest point of furcation between medial buccal root and the palatal root of upper first molar. The BV in the alveolar bone around the maxillary right second molar was calculated by the subtraction method (19) .
Drug administration
Under light anesthesia with 2% isoflurane, anti-CXCR4 neutralizing antibody (1 μL, 50 μg/mL; Cat. MAB21651; R&D Systems, Minneapolis, MN, USA) dissolved in 0.01M PBS or vehicle (0.01M PBS) was administered subcutaneously into the gingival tissue for 14 successive days (day 0 to day 13) in the P.g. and sham groups. The BV in the alveolar bone around the maxillary right second molar was calculated using mCT analysis during the experimental period (days 0 to 14) as described above.
Statistical analysis
All data were expressed as the mean ± SEM. Statistical analyses were performed using one-way and two-way repeated-measures analysis of variance (ANOVA) followed by Bonferroni's multiple comparison tests. A value of P < 0.05 was considered to indicate statistical significance.
Results
General condition and periodontal mechanical sensitivity
There was no difference in body weight change between the P.g. group and the sham group ( Fig. 2A) , and no abnormal behavior reflecting motor deficits or mental disturbance was not observed during the experimental period (data not shown).
There was no significant difference in the MHWT between the P.g. treatment and sham groups on day 8 (Fig. 2B) . The MHWT was significantly decreased on day 8 after CFA injection into the gingival tissue when compared with that after sham and P.g. treatment. No motor deficits were evident during the experimental period (data not shown).
Histological examination
Many immune cells (e.g., macrophages, lymphocytes, neutrophils and phagocytes) were detected in gingival tissue on day 14 in P.g.-treated mice administered anti-CXCR4 neutralizing antibody or vehicle (Fig. 3 ). The number of immune cells in those mice tended to be higher than in the P.g. group administered vehicle. In the sham group, a few immune cells were present on day 14.
Measurements of BV
Typical reconstructed mCT images of the maxillary alveolar bone on days 0, 6, and 14 in the sham group administered anti-CXCR4 neutralizing antibody or vehicle, and in the P.g. group administered anti-CXCR4 neutralizing antibody or vehicle, are shown in Fig. 4 . There were no significant differences in BV between the sham group and the group administered anti-CXCR4 neutralizing antibody. BV was significantly decreased in the P.g. group administered vehicle relative to the sham group between day 4 and day 14. The decrease of BV was significantly suppressed in the P.g. group administered anti-CXCR4 neutralizing antibody relative to that in the P.g. group administered vehicle from day 6 to day 14 ( Fig. 5 ). During the experimental period there were no abnormal findings in the reconstructed mCT images, such as alveolar bone fracture, necrosis and hyperplasia.
Discussion
Generally, a wide variety of chemical mediators are released from peripheral nerve endings or immune cells at sites of local inflammation. These mediators play a regulatory role in the excitability of peripheral nociceptive nerve endings, resulting in an increase of excessive afferent firing, leading to pain hypersensitivity (20) . Our earlier studies using inflammatory pain models suggested that release of glutamate or calcitonin gene-related peptide locally inflamed sites ordinarily results in an increase of purinergic receptor expression in peripheral nociceptive nerve endings, creating primary afferent neuronal sensitization and subsequent orofacial pain hypersensitivity (21, 22) . Interestingly, although periodontitis is a representative inflammatory disease in of the periodontal region, patients with chronic periodontitis rarely complain of pain hypersensitivity in the affected structures (23) . In the present study, although MHWT was significantly decreased in gingival tissue from day 2 after periodontal CFA injection (data not shown), there was no change in the MHWT of inflamed periodontal tissue in P.g.-treated mice showing pronounced periodontal tissue inflammation. These results indicate that this periodontal inflammation model is likely to be useful for pathophysiologic analysis of periodontitis.
In this study, significant inflammatory cell infiltration into gingival tissue was induced in P.g.-treated mice, similarly to that in CFA-treated mice. On the one hand, administration of anti-CXCR4 neutralizing antibody into the gingival tissue significantly suppressed alveolar bone resorption in the P.g. group relative to that in the P.g. group administered vehicle. In the sham group, administration of anti-CXCR4 neutralizing antibody into the gingival tissue did not change the volume of alveolar bone during the experimental period. A few possible mechanisms for the suppression of alveolar bone resorption in the P.g. group following CXCR4 neutralization can be considered.
CXCR4 is expressed in various cells such as fibroblasts, macrophages, osteoblasts and osteoclasts (24) . Macrophage migration inhibitory factor (MIF), a proinflammatory cytokine, plays a critical role in innate immunity and has been shown to be a key mediator of inflammatory disease (25) . MIF is stored in the cytoplasm of macrophages and is rapidly released in response to various stimuli (26) . MIF binds to, and signals through CXCR4, which regulates mainly inflammatory cell recruitment (27) . Macrophages express CXCR4, which regulates cell migration, and inhibition of CXCR4 signaling leads to infiltration and retention of macrophages at sites of inflammation, where they release various molecules including TNF-α and C-C motif ligand 2 (CCL2) (28) (29) (30) . TNF-α-converting enzyme promotes osteoclast-mediated osteogenesis in periodontitis and CCL2 signaling accelerates osteoclast-mediated bone resorption (31, 32) . Indeed, systemic administration of a potent CXCR4 antagonist has been reported to suppress P.g.-induced alveolar bone loss, P.g. colonization and associated elevation of the total microbiota count in periodontal tissue (33) . In the present study, many immune cells containing macrophages were detected in gingival tissue in P.g.-treated mice, and the number of immune cells in P.g.-treated mice administered anti-CXCR4 neutralizing antibody tended to be higher than in mice treated with vehicle. This result suggests that inhibition of periodontal CXCR4 signaling attenuated alveolar bone resorption in the P.g. group, although CXCR4 neutralization induced an increase of inflammatory cell and osteoclast infiltration. Further studies are needed to address these inconsistent results.
The expression of C-X-C motif chemokine 12 (CXCL12), known as stromal cell-derived factor-1, which acts as a ligand of CXCR4, is increased following fracture or osteotomy at the injured site or in plasma (34, 35) . Furthermore, it is known that CXCL12/CXCR4 signaling regulates osteogenic differentiation via bone morphogenetic protein signaling and osteoblast development, indicating that this signaling in osteoblasts plays a major role in osteoblast migration to sits of bone injury (36) (37) (38) . CXCR4 signaling via CXCL12 in osteoclasts enhances the differentiation, function and expression of adhesion-related molecules such as β3 integrin, CD44 and osteopontin, indicating that the potentiating action on osteoclasts via CXCL12/CXCR4 signaling accelerates alveolar bone resorption following P.g. treatment (39) . Moreover, lipopolysaccharide (LPS), one of the virulence factors of P.g., is known to play an important role in inflammatory bone loss (40) . In humans, a large amount of LPS is released from periodontal pockets in which periodontal pathogens have multiplied (41) . LPS stimulation of osteoclasts enhances CXCR4 expression and osteoclast migration. Also, LPS stimulation accelerates osteoclast differentiation partially via up-regulation of CXCR4 signaling (42) . P.g.-induced LPS also stimulates gingival fibroblasts (HGFs) in periodontal tissues, inducing the secretion of chemical mediators such as interleukins (IL)-6 that increase osteoclast formation and IL-8 that induces osteoclast differentiation, maturation and bone resorption (43) (44) (45) . Collectively, these findings together with our present data suggest that the acceleration of alveolar bone resorption in periodontitis results from CXCR4 signaling in several cell types such as fibroblasts, macrophages, osteoblasts and osteoclasts in inflamed periodontal tissue.
In conclusion, CXCR4 neutralization in periodontal inflammation induced by P.g. treatment has been shown to significantly suppress alveolar bone resorption. These results suggest that CXCR4 signaling in inflamed periodontal tissue plays a significant role in alveolar bone resorption in periodontitis. In future, CXCR4 signaling in inflamed periodontal tissue might be a potential therapeutic target for management of alveolar bone resorption.
